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STAGE IV WORK HARDENING IN CUBIC METALS
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Canter for Materials Science
Los Alamos National Laboratory
Los Alamos, New Mexico 87545

*Drexel University
Philadelphia, PA 19104

Abstract

The work hardening of f.c.c. vetals at large strains i{s discussed with
reference to the linear stress-strain behavior often observed at large
strains and known as Stage IV. The exparimental evidence shows that Stage
IV {s a work hardening phenomenon that ie found quite generally, even in
pure f.c.c. metals subjected to homogeneous deformation., A simple model for
Stage IV in pure metals is presented, based on the accumulation of dis-
location debris. Experiments are described for large strain torsion tests
on four alumioum alloys. The level and extent of Stage IV scaled with the
saturation strecs that would represent the end of Stage III in the absence
of a Stage IV, Reversing the torsion after large prestrains produced
transient reductions in the work hardening. The strain rate sensitivity vas
2lso measured before and during the transient and found not to vary signifi-
cantly, The microstructure observed at large straine in an Mg alloy suggest
that Stage IV can occur in the absence of microband formation. Previous
proposals for the cause of Stage IV are reviewed and found to be not
supported by recent experinental data,



Introduction

The various stages of work hardening from easy glide on wvere originally
defined by Diehl in 1956 (1) as Stage I for easy glide, Stage II for linear
hardening and Stage I11 for approximately parabolic hardening. Stage IV as
discussed here 1s usually thought of as the small but sustained hardening
that occurs at very large strains, e.g. as observed in wire-drawiog of iron
by Langford end Cohen (2), Fig. 1l.* The experimental evidence reviewved
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Figure 1. Stress-strain curve for wire-drawn irun obtained from
successive tens‘le tests of vire-dravn material, froa Langford and
Cohen (2).

below strongly suggests that the non-zero hardening of Stage IV 1s a real
phenomsenon in various metals and alloys. It {s, hovever, only significant
at lov homologous temperatures. In Ge and S{ there 1. even a further Stage
V that has been observed by Brion et al. (5). in metals, however, we will
only consider Stage V to be the end of Stage IV, The various stages of work
hardening are most clearly distinguisned on a diagram of 6 versus o, vhere 6
= d0/dc, Fig. 2. Stage 1I, when present, plots as a constant, high value
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Pigure 2. Diagrans of hardening rate, 0, versus stress, shoving
the stage of work hardening for polycrystals, Stage IV plcts
as 8 straight line parallel to the strasa axis.

*The reference to a "Stage IV" by Kocks (3) in 1966, referrad, by contrast,
to & saturation stage vhen Stage IIT is asoumed to be strictly parabolic
(4).



of 6 at about p/200. Stage III can be represented by the Voce law which
plots as a straight line where the hardening rate decreases linearly with
stress towards a "saturation stress”. Stage IV intervenes before the
saturation atress is reached and is commonly thought of as another stage of
constant, low 6 at about lO'“u.

Recent major reviews of large-strain deformation and work hardening
were published by Gll-Sevillano et al. in 198! (6) and by Hecker and Stout
in 1982 (7). Hecker and Stout emphasized the effects of impurities in in-
creasing work hardening at large strains and suggested that torsion in pure
f.c.c. metals would rot show Staze IV. A corollary to the latter suggestion
1s the idea that Stage IV might be the result of inhomogeneous deformation
such as redundant work in wire drawing or shear bands in rolling, for
example. Stage IV has now been found, however, in pure Ni by Hughes (8,
pure Cu by Alberdi (9) and by ourselves in 99,992 Al, all in torsion.

Mecking #nd Grinberg (10) discussed a number of porsible causes for
Stage IV, The review presented below shows that none ot the causes they
listed appears to be an adequate explanation of the Stage IV work hardening
observed in the homogeneous torsion experiments mentioned above. 1In the
following we first review an empirical criterion for Stage IV, due to Embury
an, Macking (11). 1In the light of this criterion, a simple model for Stage
IV is presented, based on the accumulation of dislocation debris. Then the
list of possible causes of Stage IV compiled by Mecking and Grinberg (10) 1is
reviewed. The results of current experiments on a number of aluminum alloys
are presented and discussed in ralation to the review,

An Empirical Criterioa for Stage IV

It has been pointed out by Mecking and Embury (11) that the onset of
Staga IV and the hardening rate in Stage IV, can be well fitted empirically
by thea criterion,

ew- et (1)

where 1, is the extrapolated stress for the and of Stage III and c 1s a
constant of order 0.1, Figure 3 shous dala from Alberdi (9) for copper
tested in torsion at five different temperatures, where a choice of ¢ = 0,!
gives a good fit to the transition from Stage 1II to Stage IV. For the
higher temperatures, the hardening rate in Stage IV appears to rise with
stress until {t eventually decreases again towards zero. Figure 4 shows
data from Hughes (8) for three Ni-Co alloys tested in torsion at two
temperatures. In this case a choice of ¢ = 0.05 in Eq. 1 best describes the
transition to Stage IV. In contrast to Albardi's dats, the hardening rate
ifn Stage IV of the Ni alloys {s either constant or decreasing.

Dislocation Hardening

The criter{on is of the same form as the Considdre criterion for
diffuse necking in tension. The analogy caannot be taken any further, how—
ever, since it is not obvious what instability could predict such a low
factor. An alternative explanation is that the lavel of strain hardening
observed in Stage IV {s closely related to that in Stage III. Stage IV al-
vays occurs close to the saturation point of the Stage III flow stress, in
other words when athermal hardening is nearly balanced by dynamic recovery
(13,17). 1If the dislocation rearrangement that produces dynsmic recovaery
also led to an accumulation of some different debris, a finite hardening
rate would be expected to remain.
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Figure 3., Hardening rate versus resolved shear stress for copper
tested in torsion at five different teamperatures, from Alberdi (9).
Both quantities have been normalized by the temperature dependent
shear modulus. Eq. 1 is plotted as straight line through the
origin with slope 0.1.
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Pigure 4. Hardening rate versus resolved shear stress for three
N{ alloys, a) at room temperature and b) it 300 C. Equation 1l {s
plotted as a straight line through the origin with s.ope 0.05,
from Hughes (8).

Many investigators have notad that monctonicall- strained metals
davelop dislocation structures that have “debris” {n the form of small loops
and short dipoles (12), These are in addition to the major fectures such as
tangles or cell walle., In fact, they tend to occur inside the cell walls of
metals that form calls, such as pure copper and aluminum. This debris could
be the result of dynamic recovery processes and so the rate of production of
debris should be at a maximun near the saturation stress. For example, a
dipole aight form where two dislocatious of the same slip system but oppo-
site rign would annihilate were it not for the fact that they lie on slight-
ly separated slip planes. It seems possible that the steady accumulation of
such debris might be responsible for the non-szero work hardening rate in
Stage 1V,

Stage IITI hae been approximately described {n phenomenological ter-ms by



Kocks (13) as a linear decrease of hardening rate, 6, as a function of
stress:

6 = 9° (1~ cVos) (2)

The relationship works beat at moderate strains but deviations in the
direction of a less rapid decrease of 6 have often been observed, e.g.
(14). The theoretical attempts to describe this will not be discussed here,
but see, e.g., (15).

As a generalization of Eq. 2, the work hardening rate in Stage III may
be written as (16),

6= 0 - Gl_(c,'r,a) (3)

The flow stress, o, is related to the dislocation density, p, by the well-
established relation,

o= aubvp (4)

where a is a geometrical constant of order one, p is the shear modulus and b
is the magnitude of the Burgers vector. Then the rate of change of
- islocation density with strain, dp/dec, is given by (17)

b, _20 0 (5)
de (uub)2

If the rate of accumulation of debris, dpyg/de, is some fraction, f, of the
4ynamic recovery rate of dislocation density loss, then

bpd -t 20

% (aw)?T

(6)

Near the saturation of Stage III, the dynamic recovery rate will be
approximately aqual to 6, and therefore approximately constant. Therefore
the debris accumulation rate can be writtsn as

O 2y
3:4 - —29 5 0g = £ —2m = ccnstant (7)
(apb) (aub)z

If the principal effect of debris accumulation i{s to increase the saturation
stress, o,, then Eq. 2 can be differentiated to show that at large
stressas,

8= 8~ da /e (8)

Comparing Eqs. 7 and 5 suggests chat,

Bry/6, = ¢ (9

Iv

The fraction, f, cat be edtimated at the transition from Stage III to Stage
IV since at this point, the flow stress {s spproximately equal to the
saturation stress. Ths ratio of the current work hardening rate to the
athermal, Stage II, hardening rate then defines f. Conmparison with room



temperature experiments syggests that f {s of the order of 1/50, since Oy
1s typically of order 10™ “u (18)., The variation of Oyy with oy would
suggest that the fraccion f also acales with the saturation stress, The ef-~
fect of Incorporating a gradual increase of the saturation stress is
{llustrated in Fig. 5 by plots of hardening rate versus stress for a
material with properties like those of aluminum. The upper curve
i1llustrates the effect of a constant increase of saturation stress. The ef-
fect of an increase proportional to the level of dynamic recovery, 6, is
illcstrated by the lower curve and shows a sharper transition from Stage III
to Stage IV. The curves were generated by using Eq. 2, modified to take
account of a og that iicreases with strain.
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Figure 5. Work nardening rate versus stress for a material with
properties simflar to those of aluminum, a) constant increase of
og» b) increase of o, proportional to 8.

Dipoles ought to be subject to elimination by climb at sufficiently
high fractions of the melting point. This model raises the interesting
possibility that there i{s some temperature at which diffusion is strong
enough to eliminate Stage IV by recovering the structure faster than debris
can be accumulated. At this temperature, the level of work }airdening in
Stage IV should be highly rate sensitive. Models oi work hardening based on
diffusional recovery have been reported, e.g. (18,19), but they have been
directed at Stage III work hardening. The discussion presented here only
regards diffusional recovery as significant for Stage IV.

if indeed there is debris beiang stored that does not contribute to the
flow stress, then the stored energy (proportional to the dislocation
density, hence flow stress squared) should rise faster than the square of
the flow atcoss. This has been shown to be true experiments.lly by the care-
ful calorimetry of Ronnpagel and Schwink, (20).

Other Causes of Stage IV

Mecking and Grinberg (10) listed eight possible causes of Stage 1V as
follows:

1) Grain Size: Many alloys exhibit an increase in flow stress with decrease
in grain size. 3ince the spacing between grain boundaries in at least one
direction decreases to very small dimensions at very large strains, Stage IV
might be s manffestation of grain boundary strengthening. The analogy here
is with the case cf hard sacond phase. discussed above. Jago and Hansen



(21) have recently shown, however, for pure iron that the grain size effect
tends to vanish, even at the relatively small tensile strain of 0.2, Hughes
(8) compared the strain hardening of two different grain sizes of Ni-30Co
out to large torsional atrains, FPig. 6, and found also that the grain size
effect tended to vanish at large strains. The reverse torsion experiments
described below also tend to contradict a grain size cause for Stage IV,
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Figure 6. Stress versus strain for two different grain sizes,
50 and 200 microns of Ni-30ZCo alloy, frou Hughes (8).

2) Deformation Bandas: Hatherly and Malin (22) defined deformation banis as
the regions of a grain where slip has occurred homogeneously Deformation
bands are separated by transition bands where the lattice orientation
changes from that of one deformation band to the orientation of the
deformacion band on the other side of the transition band. Mecking and
Grinberg (10) hypothesized that when the deformation bands decreased in size
to dimensions comparable with the cell aize, the hardaning in the cell
structure might be affected.

A related topic {s that of misorientation between cells which tend to
increase with strain. Alberdi (9) investigated both copper and aluminum and
found that the misorientation increased up to 10° by a shear strain of 4 in
Al., At larger strains, however, thera appeared not to be any further in-
crease in misorientation. It is possible that 10° misoriented cell walls
might act as barriers to dislocation motion. Such large obstacles would,
however, act as sathermal obstacles and not contribute to the rate
sensitivity of the material. To set against this, it is known experimental-
ly that the rate sensitivity tends to increase during Stage IV (8,9).

3) Surface Effects: Samples deformed to large strains often have larze
surface-to-volume ratios. It is known, however, that the presence of a
surface tends to soften a metal see Pourie (23). The anticipared effect of
surfaces, therefore, would be to diminish the strain hardening at large
straines.

4) Stress—-Induced Transformations: In certain materials, such as the
stainless steels, a phase transformation can occur at stresses elevated by
strain, causing enhanced haurdening. This is, however, not relevant to Stage
IV in pure metals.



5) Changing Strain Path: If the relative amount of redundant strain varies,
as it might in a wire drawing process for example, it is possible that the
hardening might vary. It is hard, however, to see how it could lead to the
sustained hardening of Stage IV and it does not explain the occurrence of
Stage IV in torsion experiments.

6) Plastic Instabilities: Plastic i{instabilities such as shear bands often
develop at large strains. Whereas macroscopic plastic instabilities tend to
lead to a reduction in load bearing capacity, it seems reasonable to suppose
that hardening still occurs on a microscopic scale within shear bands. It
is possible, therefore, that continual shear banding could sustain havdening
in a way that the prior homogeneous deformation could not (11). That is tc
sav, the prior homogeneous deformation would saturate at a certain flow
stress except that shear banding intervenes and leads to sustained harden-
ing. PFor this reason, careful attention is paid to homogeneous deformation
in this discussion.

7) Texture: Large plastic strains at low homologous temperatures lead to
strongly daveloped crystallographic textures. It has been argued that as
the orientation of each grain changes, so the combination of active slip
systems changes. This argument depends on the latent hardening of inactive
slip systems being greater than the currently active ones as is generally
true. Then when a change of active slip systems occurs, the flow stress
will rise. Latent hardening, however, is known to be predominant at small
strains (24); this has not been investigated at the large strains discussed
here. Also most grains re-orient to a stable orientation so this effect
would be expected to saturate and not leal to any work hardening at very
large straina.

8) Second-Phases: The presence of seccnd phase particles of high aspect
ratio provides a special case. High strains lead to decreasing spacings be-
tween the second phase particles in at least one direction. If the second
phase is hard enough to block dislocation flow in the matrix then the mean
free path for dislocation motion decreases atrongly with strain. As the
mean free path decreases, the flow stress rises by the Hall-Petch effect.

If strain is measured as lugarithmic strain, then the decrease in spacing is
an exponential function of the strain. Embury and Fisher (25) demonstrated
this type of hardening behavior in a heavily-drawn pearlitic steel and Bevk
(26) more recently demonstrated this in drawn Cu-Nb alloys where the second
phase way in the form of filaments. This special case of Stage IV will not
be discussed further in this paper.

Torsion Tests on Al Alloys

Four different Al alloys have been tested to large strains in torsion
using a phort tubular specimen, Fig, 7., Torsion tests to large strains have
the major advantage over other techniques that the tests are conntinuous
tests at a uniform strain rate. They are also free of problems with
lubrication and redundant work. The short tube specimen has the merit of
being very stable to large strains while givin, uniform plastic deformation
in the gauge length (27). The testing was pertormed in an MTS servo-
hydraulic testing machine that has been fully described elsewhere (28).
~his mechine permits “free-end” torsion testing in the sense that anv axial
stresses that would develop in "fixed-end” testing are smccommodated by
operating the machine under axial load control. The constraint of the grip-
end sections, however, does not permit the short gauge length to change
diameter, so axial straining is actrually prevented by volume constancy
duriag plastic deformation. This was verified on several specimens by use
of a shadowgraph before and after a test. The four alloys were 1) 92,992
pure Al, 2) Al with 0.4 atomic percent Mn, 3) Al with 2 atomic percent Mg
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Pigure 7, Design of short tube torsion specimen.

and 4) Al with 2 atomic percent Cu. The 99.997 Al is free of second phases
but has enough solute that recrystallization does not occur at room
temperature. The Mn alloy was heat treated to precipitate as much of the Mn
as possible, in the form of coarse Algin particles. The Mg alloy contains
the maximum amount of solute that is possible at room temperature. The Cu
alloy was used in the over—aged state for comparison with the Mn alloy.

Stress—-Strain Behavior

Figure 8 shows representative atress-strain curves for the four alloys
converted to equivalent stress and equivalent strain on the basis of the von
Mises yield criterion. The unalloyed Al saturates at a low stress level and
the Mn alloy shows similar behavior at a somewhat higher stress level. The
Mg alloy, however, reaches higher stresses and displays a clearly linear
stress—-strain behavior at large strains., The Cu alloy also shows sustained
hardening at large strains and at an.even higher stress level, Pigure 9
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Figure 8. 3tress-atrain curves for four aluminum alloys, 99.99% Al,
Al1-0.4%Mn, Al-22Mg ard Al-2ZCu. A factor of /3 hLas been used to
convert shear strass and strain to squivalent stress and equivalent
strain.



shows a plot of hardening rate versus resolved flow stress for the four
alloys. The empirical criterion of Eq. 1 for the transition to Stage IV
again provides a reasonable fit to the data, The exception is the Mn alloy
which shows an essentially continuous decrease in hardening down to a
saturation stress. The 99.992 Al also lacks a definite Stage IV though
there 18 a clear depa.ture from the smooth decrease in hardening down to
saturation. The Mg alloy, however, ghows a clear transition to conate-—~
work hardening in Stagze IV which persists to the largest strain teste..
(equivalent) strain = 5. It is worth noting that the hardening tends .o
decrease slowly as the stress rises in Stage IV although there is sometimes
an initial increase, The overaged Cu alloy also displays a transiiion but
with slightly increasing hardening during Stage IV. Such an increasing
hardening rata is in agreement with other work on alloys with
seni-continuous second phase, e.g. Bevk's data for Cu with Nb filaments
(26).
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Figure 9, Hardening rate versus resolved shear stress, c:lculated
from the data shown in Fig re 8,

Torsion - Reverse Torsion

Reversing the seanse of deformation has produced some interesting re-
sults {n the Al alloys. PFigure 10 shows stress-strain curves for the four
alloy2 where the materials have been tiisted to an equivalent strain of 2
(except for the case of the Cu alloy) and then reverse twisted to zero net
strain. The reverse torsion curves have been plotted by inverting both the
stress and the strain axes so as to facilitate comparison with the forward
curver. In general the results show that there is little change in flow
stress on reversing the defcrmation, except for the Cu alloy where the hard
particles can support back stresses. There is alsu a transient during which
the work hardening is zero or negative followed by hardening that is in-
distinguishable from the forward torsion, Such transients {n work hardening
have been found by othear workers at smaller strains for tension-compression
experiments, e.g. (29). The Mg alloy in particular shows that Stage IV is
not eliminated by reversing the flow. This would appear to contradict any
explanation of Stage IV based on grain bdoundary effects since Backofen (30)
showed that the grain shape is restored on reversing the torsion. He also
showed that the torsion te-ture is stable on reversing the flow; this means
that the torsion-reverse torsion test is unusually suitable for large strain
Bauschinger tests, That is, any change in flow stress or work hardening
must be due to the substructure rather than to textursl effects. An
interesting correlation with the mechanical data was found by Iyer and



Gordon (31) who measured a transient decrease in stored energy during a
compression test of Cu that had been prestrained 30Z in tension.
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Pigure 10. Effective stress—effective strain curves for the four
Al alloys tested in torsion and then veverse torsion. The point

gt which the torsion was reversed is indicated by an arrow. The

extent of the transient of reduced work hardening is indicated by
a horizontal dashed line over each curra,

Strain rate jump tests were psrformed for the 99.99% Al and the Mg
alloy for both torsion and reverse torsion. The Mg alloy displayed
essentially zero rate sensitivity throughout the test, including during the
work hardening transient. The 99.99% Al, however, showed a large positive
rate sensitivity which increased with flos stress and again was largely
unaffected by the revarsal of plastic flow, Fig. 1ll. These results suggest
that major changes in strain psth might be expected to lead to changes in
hardening rate with little change in rate sensitivity. Such information may

be useful for studies of strain localization which sometimes involve strain
path changes.
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Pigure 11. Equivalent st.ess-equivalent strain curve for 997.99%
Al tested {n torsion and reverse torsion with strain rate changas
of a factor of 10. The point at which the torsion was reversed ia
indicated by an arrow.



Microstructure

Pigure 12 compares the dislocation structures at an equivalent strain
of 2 in the four alloys. The 93.99% Al shouws a well-developed cell
structure as might be expected, without pronounced directionality. The Mn
alloy shows coarse precipitates of AlgMn which have cell walls associated
with them. The cell structure appears to be somewhat finer than the
precipitate specing. The Mn remaining {n solutinn clearly has little effect
on the cislocations at room temperature, as expected from the very low
mopility of rin atoms in Al at this temperature. The Mg alloy shows a quite
differcnt microstructure with only faint cellular contrast and pronounced
dislocation tangling. At this strain, the Mg alloy is well into Stage IV so
it is interesting to note the apparent lack of association between the end
of Stage III and the development of cclls., The microstructure also lacks
the intersecting microbands observed in higher Mg content Al alloys by
Korbel et al. (32).

Figure 12. TEM micrcgraphs showing the microstructures at an
effective strain of 2 for 1) 99.99% Al, b) Al-0.4XMn, ¢) Al-2%Mg,
and d) Al-2XCuy.



The Cu alloy shows a mixture of heavily buckled plates of Al Cu (9')
and areas whers the plates are comparatively straight. There are also
instances where a colony of plates has been sheared, Fig. 13.

Figure 13. TEM micrograph showing 6' particles of Al Cu sheared
by a microband.

Conclusions

Experiments on various single-~phase and two-phase /. alloys confirm
that Stage IV is a general phenomenon in f.c.c. metals and alloys and does
occur in homogeneous torsion.

1EM observations on a Al+21 Mg alloy suggest that Stage IV can occur in
a single phase alloy without the appearance of microbands in the
microstructure. Hecker and Stout (7) reached the same conclusion in their
discussion of hardening of heavily rolled Ni.

An analysis of all the recent data shows that there is an empirical
correlation between the hardening rate at which Stage IV starts and the
stress at that point, This correlation can be understood in terus of a
simple debris accumulation modal, This model also predicts that Stage IV
should be absent at temperatures that are high enough for thermal

(diffusional) recovery to eliminate the dedbris. This model is in agreement
with the scant data uvailable,

A number of previous proposals (10) for the cause of Stage IV were
reviewed and found not to be in agreement with recent experimental data.

The offect of a reversal of strain direction on Stage IV was
investigated. It was found that transients in the work hardening occur but
that Stage IV reappears after the transients. The strain rate sensitivity
appeared to be unaffected by the alteration in strain direction.
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